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Intracellular drug release rates were measured by monitoring mitoxantrone (MTX) on gold nanoparticle 

(AuNP) carriers by means of real-time label-free bimodal imaging with confocal Raman and fluorescence 

spectroscopy. The quenching nature of the MTX-AuNPs by nanometal surface energy transfer (NSET) was 

analyzed with the determined Stern–Volmer constant of KSV = 2.28 × 109 M−1. The amount of MTX released 10 

was estimated by both the decrease in the surface-enhanced resonance Raman scattering (SERRS) signal and 

the increase in the fluorescence intensity. Both SERRS and NSET provide quantitative relationships between 

the spectral intensities of MTX concentrations in solution. Inside live cells, the signal decay profiles of the 

drug release from AuNPs appeared to be faster at the beginning of the bond-breaking drug release for the 

SERRS (R-12) than the recovery time of the NSET (R-4 or  R-6). In the first 45 min, a rather fast decay rate k of 15 

0.0252 min−1 with a short half-life t1/2 of 27.5 min was observed, whereas the rate became significantly slower 

in a diffusion process, 0.0093 min−1 with a longer half-life of 101.4 min, after 45 min.  

Surface-enhanced Raman scattering (SERS) has recently 

attracted much attention to materials chemistry.1 Although SERS 

has been utilized for biological sensing and molecular imaging,2 20 

the selection rules imposed by electromagnetic effects and charge 

transfer have made its analytical use problematic.3 On the other 

hand, quantitative surface-enhanced resonance Raman scattering 

(SERRS) studies have been utilized to ratiometrically analyze 

biological samples.4 Distance dependence5-7 in the SERS were 25 

reportely determined in the range from R−10 to R−12. 

In nano- and biotechnology, particular attention has been paid to 

the monitoring of the amount of drugs in drug delivery systems 

(DDSs) followed by the release to intracellular compartments in 

vitro and in vivo.8 In regard to nanoparticle-based DDSs, the 30 

development of diverse sensing methods has been challenging 

because of instrumental limitations of the various spectroscopic 

tools that have been used so far. Gold nanoparticle (AuNP)-based 

drug delivery systems have long been investigated as efficient 

tools for chemotherapeutics because of their low toxicity and 35 

biocompatibility.9  

Organic fluorophores used as a signal source suffer from 

frequent problems such as background noise, autofluorescence, 

tissue scattering, and photobleaching.10 The additonal 

disadvantages of optical methods include interference from 40 

surrounding media and a low spatial resolution.11 Raman 

microscopy is one possible way of overcoming the drawbacks of 

fluorescence spectroscopy, and this method has recently made 

distinctive contributions to intracellular monitoring.12  

Fig. 1 Observation of different intracellular decay rates via bimodal 45 

imaging technology using SERS and NSET. 
 

The fluorescence of certain molecules on metal nanoparticle 

surfaces can be quenched through nanometal surface energy 

transfer (NSET).13 The fluorescence quenching efficiency of 50 

AuNPs has been reported to be 107–1011 M−1 based on a 

calculation using the Stern–Volmer equation.14 NSET has a 

longer distance dependency of either R−4 or R−6 in the Chance–

Prock–Silbey (CPS)−Kuhn15 and Gerstein−Nitzan (G−N) 

models,16 respectively. On the other hand, because of the 55 

electromagnetic effect and selection rules17-19 of SERS, the 

enhancement may be proportional to the electric field as E4, 

where E decays as R−3. Thus, it is anticipated that the SERS 
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intensity decreases with distance as R−12, and it is expected that 

SERS would be more rapidly influenced by the distance in the 

proximate region on AuNP surfaces because of the longer-

distance dependency of the NSET-induced fluorescence 

quenching of R−4 or R−6. This would, importantly, result in 5 

different decay rates in the drug release from AuNPs for SERS 

and fluorescence quenching and may provide a unique 

intracellular optical-based molecular ruler. 

Previous in vitro and in vivo SERS studies required the 

employment of Raman reporter tags such as malachite green 10 

isothiocyanate (MGI) and crystal violet (CV).20 The label-free 

SERRS method we implement in this study, however, does not 

need additional organic dye molecules, as it provides direct 

information about surface reactions.21 Despite the versatile 

spectral features of Raman spectroscopy, bimodal imaging with 15 

the aid of other independent spectroscopic techniques may be a 

prerequisite owing to the equivocal selection rules and 

problematic quantification of SERS intensities.22 

 
Fig. 2 (a) Comparative SERS spectra of MTX (0.1 µM) with MGI (0.1 20 

µM), Rh6G (1 µM), CV (1 µM), 6MP (10 µM), and 6TG (10 µM). (b) 
Concentration-dependent SERS spectra of MTX between 10–100 nM. (c) 
Quantitative aspects of SERS and fluorescence intensities as a function of 
the MTX concentration. Peaks at 1291 cm−1 were used to compare the 
relative intensities. Error bars demonstrate the standard deviation of three 25 

measurements. (d) GSH concentration-dependent SERS intensities of 
MTX (100 nM) on AuNP surfaces in an aqueous solution, exhibiting the 
background changes due to the increase in fluorescence. 

 

Mitoxantrone (MTX), an anticancer drug adsorbed on metal 30 

nanoparticles, is known to exhibit extremely strong SERRS 

signals along with strong fluorescence.23,24 In this study, by using 

MTX-AuNP complexes, we could measure the drug release rate 

by SERRS as well as qualitatively identify the drug release to 

cancer cells by fluorescence spectroscopy. Fig. 1 demonstrates 35 

graphically an overview of our investigations in this study. The 

detached MTX drug can be monitored by both a SERRS signal 

decrease and a fluorescence intensity increase upon irradiation. 

The signal decay profiles of the drug release from AuNPs 

appeared to be dissimilar for fluorescence quenching with 40 

SERRS and NSET. To the best of our knowledge, the 

determination including the discussion of different intracellular 

drug release rates by bimodal imaging technology using SERRS 

and NSET for DDSs has not been reported.  

MTX on AuNPs appeared to exhibit strong Raman intensities 45 

upon excitation at 633 nm through a resonance-enhancement 

process, showing the spectra of MTX and AuNPs, as depicted in 

Figs. S1. These SERS spectra are consistent with the findings in 

previous reports.23,24 The enhancement factor was estimated to be 

as high as 2.5 × 106 under our experimental conditions. Moreover, 50 

the SERS intensities of MTX were observed to be larger than 

those of thiopurine anticancer drugs25,26 such as 6-mercaptopurine 

(6MP) and 6-thioguanine (6TG) by a factor of greater than 100. 

In addition, the SERS intensities of MTX appeared to be stronger 

than those of conventional dyes such as rhodamine 6G (Rh6G), 55 

crystal violet (CV), and malachite green isothiocyanate (MGI), as 

shown in Fig. 2a. Fig. 2c shows the calibration curves of both the 

SERRS and fluorescence intensities as a function of the MTX 

concentration. Fig. 2d and Fig. S2 show GSH concentration-

dependent SERS intensities of MTX. 60 

 

 

Fig. 3 (a) Photographs of the time-dependent in vitro dark-field 

microscopy (DFM) of live cell images. The arrows indicate the location 

of the AuNPs according to the SERS spectra. (b) Time-dependent SERRS 65 

spectra of MTX-conjugated AuNPs exhibiting the release of MTX. (c) 

Intensity of the SERRS spectra of MTX-AuNPs determined by measuring 

the intensities of the MTX peak at 1291 cm−1. The standard deviations 
were obtained from independent measurements of three different cells. 

 70 

Fig. 3 shows the in vitro release of MTX from AuNPs in HeLa 

cells over a time interval of 0–120 min. We observed the AuNPs 

inside the cell membrane using a z-dependent SERRS method 

(see Fig. S3a, ESI†). Raman monitoring implies that the SERRS 

intensities of MTX were decreased inside the cells in an hour. 75 

The decay profiles could be divided into two distinct regions as 

shown in Fig. 3c. In the first 45 min, a rather fast decay rate k of 

0.0252 min−1 with a short half-life t1/2 of 27.5 min was observed, 

whereas the rate became significantly slower, 0.0093 min−1 with a 

longer half-life of 101.4 min, after 45 min. The initial fast decay 80 

may be due to a bond breaking process between MTX and the 

AuNPs. The subsequent slower rate may be interpreted as the 

non-quantitative nature of the SERRS intensity such as hot spots, 

where only a few percent of the adsorbates can yield a majority of 

the total intensity.  85 

Page 2 of 4Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  3 

1×105 HeLa cells were seeded on 35×50 mm gelatin-coated 

cover glass and incubated at 37°C in 5% CO2 atmosphere for 24 h. 

After treating with MTX-conjugated AuNPs, the cells were 

incubated for another 24 h. A cell-attached cover glass was 

reversely placed in the live cell chamber as shown in the above 5 

scheme. The live cell chamber is connected to the culture 

medium containing a syringe by a flexible tube. We performed 

Raman measurements along the z-axis to identify whether AuNPs 

are inside the cell. Internalized AuNPs are recognized from the 

intracellular organelles by characteristic vibrational bands of the 10 

drug molecules as well as their yellowish color. 

It is difficult to say whether the number of AuNPs where we 

record Raman spectra decreases or increases. Although 

maintaining the same number of AuNPs using our experimental 

setup is impossible, in most cases, no significant change in the 15 

size of the accumulated AuNPs was observed by microscopic 

images and the naked eye through an objective lens during the 

measurements. 

AuNPs in the microscopic images do not enter the nucleus but 

are accumulated in the cytosol.27 AuNPs located between the 20 

outer cell membrane and the nucleus may appear as if they are 

inside the nucleus when microscopic images are taken using the 

objective lens. 

 

 25 

Fig. 4 (a) In vitro fluorescent images of live cells exhibiting the release of 

MTX from AuNPs. (b) Combined intensity plot of the MTX fluorescence 

spectra and MTX-conjugated AuNPs SERS spectra. (c) Comparative 
calibration curves of SERRS and NSET (1-normalized fluorescent 

intensities with respect to the maximum value) in a single cell. Note that 30 

the initial rapid and subsequent slow decay regions can correspond to a 
bond breaking stage and a diffusion process, respectively. 

 

As in a previous report,3 the hottest sites amount to just 63 in a 

total of 1,000,000, but they contribute 24% of the overall SERS 35 

intensity. Considering that the SERRS intensities did not 

completely disappear despite the GSH replacement as indicated 

in Fig. 3d, a very small amount of MTX on AuNPs may yield 

strong SERRS intensities.  

Based on these Raman data, we performed an independent 40 

fluorescent live-cell imaging experiment under the same 

experimental conditions. The fluorescence spectra exhibited a 

quantitative behavior in the MTX concentration range of 10 nM 

to 1.0 µM (see Fig. S1b, ESI†). The quenching nature of the 

MTX–AuNP system with AuNP concentrations of 100–500 pM 45 

can be analyzed by the Stern–Volmer equation14 with a 

determined constant of KSV = 2.28 × 109 M−1 (see Fig. S1c, ESI†). 

This result supports the idea that the quenched fluorescence may 

be recovered when MTX desorbs on AuNPs. Fig. 4a 

demonstrates that the MTX-assembled AuNPs were well 50 

internalized into mammalian cancer cells, and most of the MTX 

(40 nM) attached to the AuNPs was released within an hour, as 

indicated in Figs. 4b and 4c. Less rapid attenuation of the signal 

intensities was observed for the fluorescence data than for the 

SERRS spectral data. SERRS appeared to be more influenced by 55 

the distance in the proximate region on the AuNP surfaces 

because of the rather longer-distance dependency of the metal-

induced fluorescence quenching (R + Ro)
−4 compared to that of 

SERS [1/1 + (R/ao)]
12.  

In the initial stage between 0-45 min, we could observe more 60 

rapid decrease in the SERRS measurement and a lag time in the 

NSET decay. This can be ascribed to a bond-breaking process 

that MTX would start to detach from AuNPs, if the difference in 

their distance dependence of the two methods is taken into 

account. The next decay profile between 45-120 min may be 65 

regarded as a typical diffusion-controlled process that can be 

fitted as a power law of m>0.5 in the equation of C/Co = Ktm, 

where C and Co are the concentrations at the given times of t and 

zero, respectively.28 The detached MTX spread out inside the 

cellular medium via either Fickcian diffusion or non-Fickcian 70 

relaxation/transport processes. Considering that the molecular 

weight and its estimated diffusion coefficient D value of 10-5-10-4 

cm2/sec for MTX,29 the diffusion length were estimated to be 

much longer than those of the dimension of AuNP aggregates 

inside either endosome or lysosome, which would be as short as 1 75 

µm. (see Fig. S4, ESI†).  

 
Fig. 5. (a) Photograph of the in vivo resonance Raman monitoring of 

GSH-triggered release (left). PEGylation was introduced to obtain the 
Raman peaks. In vivo SERRS spectra of MTX and MTX-AuNPs in the 80 

presence and absence of GSH (right). The MTX peak at 1,291 cm−1 

almost disappeared after applying GSH. (b) In vivo fluorescence images 
of mice (left). Bar graph of the fluorescence intensities (right). 
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A rather slow decay curve between 45-120 min may be due to 

an encapsulated state of MTX-AuNPs, which can affect and 

retard the diffusion process of free MTX. After 90 min, the NSET 

intensity became almost unchanged, which indicated that most 5 

MTX became alienated from AuNPs. In contrast to the NSET 

intensities, the significant SERRS intensities after a prolonged 

time of 60–120 min may be due to a trace amount of MTX on 

AuNPs in hot spots, which yields the signal in a non-quantitative 

way even on the decreased surface coverage density. Thus, 10 

fluorescent live-cell imaging techniques in comparison with 

SERRS yielded different decay rates in the estimation of drug 

release. Based on the average diameter of the AuNPs and a 

previous report on the value of Ro,
30 the distances for which the 

SERS and NSET would decrease by 50% would be 0.46 and 22 15 

nm, respectively, assuming similar quenching behavior of MTX 

and cyanine-3B (λmax = 570 nm) for ~15-nm AuNPs. It has to be 

mentioned that both a single cell microscopic and numerous cell 

(>103) fluorescence measurements using a microreader exhibited 

the similar decay profiles (see Fig. S5c, ESI†).  20 

In vivo images indicated that MTX release could be estimated 

by both Raman and fluorescence microscopy as shown in  Fig. 5. 

As GSH was injected into the tumor site where the MTX-

assembled AuNPs were previously applied, the SERS signals 

almost disappeared, whereas the fluorescence intensities 25 

increased substantially.  

Our work envisages that bimodal spectroscopic determination 

using Raman and fluorescence spectroscopy will be useful for 

monitoring the delivery kinetics of drug molecules from AuNPs 

inside cancer cells in DDS development. 30 
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